Bates College

SCARAB
Standard Theses

Student Scholarship

5-2017

Paleoenviromental Reconstruction from the
Sediment Record of the Varved Proglacial
Linnévatnet, Svalbard, Norwegian High Arctic
Gwenyth Williams
gwillia2@bates.edu

Follow this and additional works at: http://scarab.bates.edu/geology_theses
Recommended Citation
Williams, Gwenyth, "Paleoenviromental Reconstruction from the Sediment Record of the Varved Proglacial Linnévatnet, Svalbard,
Norwegian High Arctic" (2017). Standard Theses. 35.
http://scarab.bates.edu/geology_theses/35

This Open Access is brought to you for free and open access by the Student Scholarship at SCARAB. It has been accepted for inclusion in Standard
Theses by an authorized administrator of SCARAB. For more information, please contact batesscarab@bates.edu.

Paleoenviromental Reconstruction from
the Sediment Record of the Varved
Proglacial Linnévatnet, Svalbard,
Norwegian High Arctic

A Departmental Thesis
Presented to the Faculty of the Department of Geology, Bates College, in partial
fulfillment of the requirements for the Degree of Bachelor of Science
By

Gwenyth M. Williams
Lewiston, Maine
April 7, 2017

Abstract
Arctic environments are highly sensitive to local climate variability, which can be reconstructed
using a number of proxies. Linnévatnet is a proglacial deep lake located on Western Spitsbergen,
Svalbard in the Norwegian High Arctic. The distinctly seasonal arctic climate and deep-lake setting allow
for the deposition of annually laminated sediments. Sediments are sourced from glacier-fed Linnéelva at
the southern end of the lake, a currently-stagnant cirque glacier to the West, and overland flow from
alluvial fans that occurs mainly during melt and rain events.
Two sediment cores, each measuring approximately 26 centimeters in length, were collected from
the East Basin of Linnévatnet at coring sites C (more proximal) and D (more distal) in July, 2016. The
cores were subsampled for grain size, bulk density, and for the production of thin sections. Magnetic
susceptibility and ITRAX X-ray fluorescence were measured on the archive halves of the cores. Lead 210
and cesium 137 geochronology and varve measurements from previous studies were used to corroborate
the varve chronology.
Laminations were correlated between the two cores. Some laminations include complex
structures which can be interpreted as non-cyclical sedimentation events. Core C extends back to
approximately 150 years before present while the record in Core D extends to approximately 250 years
before present. An increase in varve thickness during the past century correlates to the warming following
the cool Little Ice Age. Calcium peaks can be seen in several cores taken from Linnévatnet at proximal
and distal locations. Detrital calcium is sourced from the limestones and dolomites present in the bedrock
geology of the eastern side of the valley. Other relevant element geochemistry was used to identify
sediment provenance and possible events leading to deposition.
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Note to Reader
Several geographic features mentioned in this study are referred to by their Norwegian names. Thus,
Linnédalen is the Linné Valley, Linnévatnet is Lake Linné, Linnébreen is the Linné Glacier, Linnéelva is
the Linné River, and Kapp Linné is Cape Linné
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1. Introduction
Purpose and Significance
Through the Holocene interglacial period global temperature has increased, with a more rapid rise
occurring in the period following the Industrial Revolution (IPCC, 2014). Polar regions are particularly
sensitive to changes in climate and show an amplification of the temperature changes experienced
globally (Serreze et al, 2009). A rise in air temperature caused by increases in atmospheric greenhouse
gas concentrations, has led to a loss of sea ice in arctic regions. Losses of the insulating sea ice and delays
in ice formation in winter promote an upward heat flux. This warming is more pronounced during the
winter months and over the ocean (Serreze et al, 2009). To further understand the climatic changes that
are taking place currently in the Artic and which will continue to take place in the future, it is important to
quantify and visualize the changes in the recent past.
The purpose of this study is to develop a reconstruction of climate change over the past two
centuries in glaciated Linnédalen in Svalbard, in the Norwegian High Arctic using sediment records from
the proglacial Linnévatnet. At the beginning of this time period, the valley was experiencing the Little Ice
Age, a cooling period which began in the 14th century and continued until the early 1900s when Svalbard
glaciers reached their Holocene maximum extent (Svendsen and Mangerud, 1997). It is difficult to find a
reliable and complete proxy for change over extended periods of time beyond the reach of modern human
monitoring. The distinctly seasonal Arctic climate allows for the formation of annually laminated lake
sediments in a glacially fed lake. Distinct sediment couplets are composed of a lighter, coarser-grained
layer, formed during spring melting and summer precipitation events, and a darker layer, which represent
the settling of finer grained sediments into a clay cap during the cold winter when the valley has frozen
over. The thickness of these couplets, called varves, can be directly linked to the combined amount of
glacial meltwater and precipitation entering the lake (Zolitschka et al., 2015). The structure and
composition of varves indicate the origin of the sediments (Snyder et al, 1999). With little disruption and
preservation at the bottom of a deep lake, varves can provide a method for reconstructing changes in a
glacial watershed environment.

Study Area
Svalbard
Svalbard is an archipelago located about halfway between northern Norway and the North Pole. It
is located between latitudes 74° and 81° North and 10° and 35° East (Figure 1.1). Approximately 60% of
Svalbard’s 62,160 km2 is glaciated. With an area of 37,637 km2 Spitsbergen is the largest, and only
inhabited, island in Svalbard. Linnédalen is a glacial valley located in Western Spitsbergen (Figure 1.2). It
opens into the western end of Isfjorden near Kapp Linné.

Linnédalen and Linnévatnet
Linnédalen (Figure 1.3) is a north-northwest to south-southeast trending valley located near the
southwestern end of Isfjorden. Linnévatnet dominates the northern section of the valley, about 2 km from
the Isfjorden margin. Situated at approximately 12 meters above sea level, it is 4.7 km in length and 1.3
km wide. The lake has three sub-basins: the main basin, which has a maximum depth of 35 km, the east
basin with a depth of 16 km, and the west basin with a depth of 11km (Figure 1.4). The west
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Figure 1.1: Svalbard on a location map showing a birds-eye view of the arctic.

Figure 1.2: A map of Svalbard with inset of Linnédalen. Coring locations C and D are marked in yellow
(npolar.no).
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Figure 1.3: Figure 1.3: A topographic map of Kapp Linné. Linnévatnet is located at the northern end of
the valley and Linnébreen at the southern end, with Linnéelva connecting the two (Modified by Nelson,
2010 from Motley, 2006).
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basin is separated from the east basin by a bathymetric high, visible as a small island in the center of
southern Linnévatnet. This study will focus on two sediment cores recovered from the east basin. The
lake is fed primarily by Linnéelva, a shallow braided stream that runs from Linnébreen, a retreating
polythermal glacier currently located only in the uppermost part of the valley, to drain into the east basin
of Linnédalen. Linnévatnet drains into Isfjorden.
Linnévatnet has been experiencing progressively shorter ice cover seasons in recent years.
Previously, the ice cover season was from September through July (Snyder et al, 2000), but the period of
ice cover has been decreasing by greater than one day on average each year for the past decade. Full ice
cover has also been occurring later each year, starting as late as the first week of November (Frederikson,
2017).

Bedrock Geology of Linnédalen
The basic bedrock geology of the Kapp Linné region is shown in Figure 1.5. The center of the
valley, which underlies Linnéelva and Linnébreen, is carboniferous sandstones with coal beds (Ohta et al,
1992). The Western side of the valley and the strandflat beyond is composed of metamorphosed
sediments of Precambrian age. The eastern side of the valley is Carboniferous and Permian fossiliferous
limestones featuring gypsum deposits. On the easternmost edge of the Linnédalen watershed are shales,
siltstones, and cherts of Mesozoic age (Svendsen and Mangerud, 1997).

Climate
Present Climate
Svalbard is located in the Norwegian High Arctic, with a mean annual air temperature of -6°C at
sea level and lower temperatures in the mountains. February is the coldest month of the year and July is
the warmest. Temperature measurements from the Longyearbyen airport have shown a warming trend,
particularly during the winter, on Spitsbergen (Forland et al., 2011). Precipitation is low at 200-600 mm
w.e., with snow being the dominant form of precipitation. Precipitation in Linnédalen is generally higher
(Humlum, 2002). Most precipitation falls during the February-March and August-September seasons
(Nordli et al., 1997).
Svalbard (Figure 1.6) is located at the polar front, where cold Arctic waters meet warm Atlantic
waters (Piechura and Walczowski, 2009). The West Spitsbergen Current, a branch of the Atlantic current,
brings warm Atlantic waters up along the coast of Spitsbergen. This current gives the western side of
Svalbard, including Linnédalen, a milder climate than would be expected at such a high latitude and
provides moisture, tying precipitation in Svalbard to ocean currents (Isaksson et al, 2016). Increased
precipitation correlates to positive North Atlantic Oscillation values (D’Andrea et al, 2012).

Glaciers on Svalbard
Approximately 60% of Svalbard is covered by glaciers. Ice caps cover the eastern islands and
eastern Spitsbergen, while valley glaciers are dominant in eastern and central Spitsbergen. Cold-based
glaciers are common in central Spitsbergen and only move 1 or 2 meters per year. Along the coasts, some
glaciers can move at more than 10 to 30 meters per year (Ingolfsson, 2011). A significant number of
Svalbard glaciers are surging-type. They maintain consistent movement for 50-100 years, and then surge
forward at velocities of up to 3 to 6 km per year. It is unknown exactly how many glaciers are this type,
but it is estimated to be between 30-60% of all glaciers in Svalbard (Farnsworth et al., 2016).
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Figure 1.4: Bathymetric map of Linnevatnet. Coring sites C and D are indicated (modified from Nelson,
2010).
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Figure 1.5: A simplified map of the bedrock geology of Linnédalen. The dominant bedrock formation is
the Billefjorden group, the Carboniferous sandstones (Modified from Ohta et al, 1991 and Svendsen and
Mangerud, 1997).
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A continuous permafrost layer is present on Svalbard, ranging from 80-100 meters thick in
coastal zones to 400-500 meters thick in the highlands (Humlum, 2005). The active layer, which thaws
during the summer, has shown evidence of thickening in recent years (Christiansen et al, 2013). The
downslope creep of the active layer, solifluction, is a function of air temperature and precipitation
(Christiansen et al, 2013). Solifluction occurs along the alluvial fans, hillslopes, and moraines located in
Linnédalen and contributes to the transport of sediment within the valley.

Late Quaternary Glaciation
The geomorphology of Svalbard was largely produced by the numerous glaciations during the
Quaternary. Because newer glaciations hide evidence of preceding ones, it is difficult to know the number
or extent of early glaciations. The last glacial period lasted more than 100,000 years, between 115,000
and 10,000 year BP (Ingolfsson, 2011). At the glacial maximum, ice completely covered the Barents Sea
as the Svalbard-Barents Sea ice sheet (Ingolfsson and Landvik, 2013). Three major glaciations during this
period are known. Rapid deglaciation from the most recent advance took place between 14,000 and
10,000 years BP, followed by a period of steady retreat for most glaciers.
This period was temporarily broken up by the Little Ice Age cooling period. The Little Ice Age
was a climate interval that began in the early 1300s and extended through the late 1800s and early 1900s.
The most extensive glacial advance in Linnédalen, and much of Svalbard, occurred during the Little Ice
Age (Werner, 2003). The Little Ice Age moraine below Linnébreen marks the maximum extent of
glaciation reached in the early 1900s. From 1915 to present, the rate of glacial retreat and climate
warming have increased greatly (Hagen et al., 1993; Snyder et al., 1999).

Figure 1.6: Currents in the ocean drive temperature and precipitation patterns on Svalbard (npolar.no).
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Formation of Linnnévatnet
Linnédalen was deglaciated approximately 12,300 years BP, based on radiocarbon dates from
marine molluscs found above glacial till (Mangerud and Svendsen, 1997). After deglaciation, the valley
was a fjord connecting to Isfjorden. Isostatic rebound raised the valley to its present day location above
sea level (Snyder et al., 2000). Linnévatnet was separated from Isfjorden approximately 9,500 years BP
(Sandahl et al, 1987). Thus, Linnévatnet is underlain by a glacial till topped by marine and lacustrine
sediments. The lack of coals and laminations in lacustrine sediments suggest that between the time of
initial formation of Linnévatnet and 4,400 years BP, there was no glacial activity in the valley (Svendsen
and Mangerud, 1987).

Sedimentology of Linnévatnet
The main source of sediment for Linnévatnet is Linnéelva, at the southern end of the lake.
Because of the length of the lake and proximity to the mouth of Linnéelva, sedimentation is decreased in
the distal basin and is highest in the east basin. The main source of sediment for the west basin is the
meltwater from a cirque glacier that is now stagnant. Snow melt during the spring melt season and rain
events wash in sediment from all sides of the watershed. There are also small rivulets of meltwater from
rock glaciers and ice located along the ridges bordering the watershed (Snyder et al., 2000).
The sediments within Linnévatnet fine toward the northern end of the lake. This is due to
proximity to the main sediment source and the fact that larger particles settle quicker than finer particles,
so they settle closer to the source if there is not a strong current to transport them farther. For this same
reason, distal sediments do not record precipitation events as well as sediments closer to the source.
Different basins receive varying amounts of sediment from different sources. The west basin receives
sediment from the meltwater channel from the cirque glacier (Arnold, 2009). The eastern basin receives
more sediment from Linnéelva. The Coriolis Effect causes longitudinal deflection of the sediment
transport path. The earth’s rotation is counter-clockwise in the northern hemisphere, which causes
deflection to the right.
Linnévatnet features varved sediment deposits formed of summer and winter laminations of
course and fine grained sediments (Leon, 2007; Dowey, 2013). The cold temperatures and polar nights
freeze the lake over during the winter and pause glacier melting. This allows fine grained suspended
sediments to settle over the cold months. In the spring, the snow in the valley melts and glacier melting
resumes, sending large volumes of sediment into the lake, where the coarser grained sediments will settle
quicker and form a coarse-grained layer on top of the preceding winter lamination. The result of this
process is shown in Figure 1.7. Late season precipitation events may also play into the formation of these
couplets, resulting in a more complex structure. Varve thickness is directly related to the amount of
sediment being washed into the lake by melt and rain events and therefore can be used as a proxy for
climatic changes in the Linnédalen watershed (Saarnisto, 1986).

Goals of this Study
Linnédalen has been studied extensively over the past few decades, by faculty and undergraduate
students in the Svalbard REU. The goal of this current study is to produce a paleoclimate and
environmental reconstruction of the recent past using two sediment cores from Linnévatnet. These cores
will be studied extensively through geochemical and physical sedimentological analyses. The results will
be interpreted in conjunction with sediment trap and climate data collected in the field by former students
over the past decade to place the environmental changes of Linnédalen into a broader context.
16

Figure 1.7: Diagrams showing the couplets of varves and some possible interpretations (Retelle,
unpublished).
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2. Methods
Field Methods
Fieldwork was undertaken during field activities in the University Centre in Svalbard (UNIS)
course AG220: Environmental Change in the High Arctic Landscape of Svalbard. Preparations for
fieldwork were made at UNIS. Isfjord Radio on Kapp Linné served as a basecamp during fieldwork. A
Zodiac inflatable boat was used to reach the coring sites. Sediment cores were collected at sites C and D
(Figure 1.4) in Linnévatnet on July 28, 2016, which were located using GPS coordinates. Cores were
collected using a universal gravity percussion corer. The corer utilizes a weight that can be pulled using a
rope to gently hammer the plastic tube into the sediment. Clear polycarbonate tubes with 6 cm diameters
were used. The cores were brought back to shore where the top of the core tube was capped, labeled, and
taped. The two collected cores were carried back to Isfjord Radio where they were cut to a few inches
above the top of the sediment. The water above the sediment was gelled using Zorbitrol (Tomkins et al,
2008) and the tubes were re-capped and taped for transport. Cores were transported back to Bates College
and placed in cold storage at 4ͦ°C.

Lab Methods
The cores tubes were split lengthwise using a table saw. A cut was made along each side of the
plastic tubing, barely cutting through the plastic as to avoid cutting into the sediment. Fishing line was
then inserted between the two sides and pulled through the core, cutting the sediment inside. The two
halves were carefully separated and the fresh surfaces were smoothed using a plastic card and then
photographed (Figure 2.1). The cleaner half was labeled as the archive half, which generally would be
used for only non-destructive tests and stored in the core storage room after the study is finished, but in
this case was used for additional destructive testing. The other half became the working half, with all
subsamples being taken from this half of the core. The exposed core surfaces were covered with plastic
wrap, placed inside labeled plastic bags, and stored in labeled plastic D-tubes in cold storage.

Figure 2.1: Sediment Cores C and D after having been cut.
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Subsampling Analyses and Magnetic Susceptibility
Magnetic susceptibility (MS) was measured down-core for each working half using a Bartington
MSE2 sensor. The sensor was set to 0.1 SI Units and measurements were adjusted for drift in the
Multisus software. Measurements were taken every 0.5 cm down-core. Magnetic susceptibility is a
measure of a material’s ability to become magnetized in the presence of a magnetic field. It is a property
related to the lithology of sediment and can also be an indication of relative grain size.
Bulk wet density, bulk dry density, and % loss on ignition (Zale and Karlen, 1989) were
measured from both cores. A 1 cm3 open ended aluminum cube was pressed into the core surface at 1 cm
intervals down-core until completely filled with sediment. A bent metal spatula was used to carefully pry
the cube free from the core and the sediment was removed from inside the metal cube, producing a cube
with a volume of 1cm3 (Figure 2.2). Each subsample was placed and weighed in a crucible of known
mass. This value was used to calculate the wet bulk density of the sample. The crucibles with sediment
cubes were placed in a rack in a drying oven set at 100°C for 12 to 24 hours. After this, the masses of the
sediment cubes were again determined. These values were used to determine the dry bulk density of the
samples as well as the percent water content in the initial sample.
The same sediment samples were placed in a furnace at 550°C for 1 hour. The samples were
allowed to cool and weighed again. This produced a roasted mass of the samples. From this, % loss on
ignition was calculated, measuring the amount of organic matter burned off during roasting, including the
loss of coal, plus the loss of any residual structural water that was not removed through the earlier
dehydration process.
Grain size analysis was conducted using a Coulter Laser Particle Size Analyzer. The same initial
subsampling technique was used as for bulk density. The 1 cm3 samples were cut in half horizontally so
that samples represented half-centimeter steps down-core. These samples then had dimensions of 1 cm x
1 cm x 0.5 cm. They were each placed in a labeled 30 mL Oak Ridge centrifuge tubes. Enough hydrogen
peroxide was added to cover the sediment. The tubes were capped and shaken with a Vortex Genie until
the sediment had disaggregated completely. The caps were then loosened and the samples were left to sit
for 12 hours to allow for the disintegration of organic matter.
After 12 hours, the sample tubes were filled halfway with dispersant (0.7 g/L sodium
metaphosphate) and topped off with deionized water. They were then shaken on the Vortex Genie for at
least 20 seconds and sonicated using a Fisher Science Sonic Dismembrator for at least another 20
seconds. Each sample, immediately after being shaken, was loaded into the Coulter Particle Size
Analyzer, which determines grain size distribution using diffracted laser light and produces a histogram
of all measured grain size data. Dispersant was used to fully empty the sample tube of sediment. Each
sample was run 3 times at 1 minute intervals with a sonic dismembrator running for 10 seconds before
and throughout each run. Mean and median grain size and % obscuration were recorded on paper for each
run. In most cases data from the third run is used, as this is the final run and the sediments will be most
disaggregated by the ultrasonic probe.

Thin Section Preparation
Thin sections were created using subsamples down-core following the techniques described by
Lamoureux (1994). Aluminum trays were cut and made to 1 cm x 2 cm x 7 cm dimensions. Holes were
drilled and spaced about 0.25 cm apart to allow the acetone and epoxy to fully penetrate the sample. An
19

Figure 2.2: Examples of dry and roasted 1 cm3 subsamples.

Figure 2.3: A photograph of subsamples from cores C and D during the process of epoxy impregnation.
After hardening, sediment blocks were roughly cut out using a table saw and sent for thin section
fabrication.
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etching tool was used to label each box on the bottom and the side with its number and the direction of
the top of the core relative to where the sample was taken. These boxes were pushed into the surface of
the core as far as to fill them completely, with approximately 1 cm of overlap between boxes. Fishing line
was then used to separate the sediment in the box from the core and a bent metal tool was used to pry the
sediment-filled box out of the core. The outsides of each box was wiped down with Kimwipes and placed
inside a labeled plastic tub. 10 sediment samples were collected in this way.
The sediment samples then underwent a series of dehydrating acetone washes. The plastic tubs
were filled with enough Histological Grade acetone to fully cover the samples and left to sit, covered, in a
fume hood for 8 hours. After 8 hours, the acetone was removed into a graduated cylinder using a glass
pipette. The specific gravity of the removed fluid was measured using a hydrometer. 6 subsequent acid
washes were performed until the specific gravity of the removed fluid matched that of Histological Grade
acetone, 0.792. After reaching this value, EM Grade acetone was used for 2 additional acid washes, until
the specific gravity of the liquid reached 0.791, signaling that the sample had been completely
dehydrated.
The sediment samples were then impregnated with an epoxy-resin mixture. The epoxy-resin
mixture was comprised of 106.7 parts cyclohexyl carboxylate (ERL 4221), 37.1 parts diglycidol ether of
polypropyleneglycol (DER), 153.5 parts nonenyl succinic anhydride (NSA), and 2.6 parts
dimethylaminoethanol (DMAE). After the resin was mixed, it was carefully poured into the side of the
plastic tub so as not to disturb the sediment. The container was left covered for 12 hours before the epoxy
resin was replaced by a newly made batch (Figure 2.3). This process was repeated a total of 4 times, after
which, the samples were placed uncovered inside a vacuum for 12 hours to ensure that all pore space had
been filled with epoxy-resin. They were then placed inside a drying oven at 50°C for 4 days. Once
hardened, the blocks of epoxy were removed from inside the tubs and again left in the drying oven for
another 24 hours. Once the epoxy had completely hardened and could not be scratched by a fingernail, the
blocks were cut to the size of the sediment samples using a table saw. The individual blocks of sediment
in epoxy were labeled and shipped to Quality Thin Sections in Tucson, Arizona for fabrication of 2 in x 3
in petrographic thin sections.

Thin Section Analysis
Thin sections were scanned individually at 3200 dpi on an Epson V750 pro scanner. The returned
sediment blocks were also scanned. The brightness and contrast of each scan was adjusted in Adobe
Photoshop to optimize visibility of the changes in varve sequences. The scans were then cropped and
stacked to form a complete reconstruction of the full cores. Since the subsamples were staggered, some
scans needed to be flipped horizontally to better align the curvature of the layers caused by friction during
coring. The curvature in core D was quite dramatic, which affects the continuity of the composite image.
Varves were counted using the measure tool in Photoshop. Measurements were taken at the apex
of the curvature, the part to have been least affected by deformation during the coring process. Four
independent counts were performed and were close in number of varves counted. Data was processed in
Microsoft Excel. Varves were identified based on patterns in structure. Simple varves consisted of only
light and dark layers, while complex varves often had several finer laminations within. Complex varves
were judged based on the final distinct clay cap, which appeared darker and finer than layers
corresponding to other events.
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Figure 2.4: An example of a series of simple varves (left) and a complex varve (right). The simple varve
features a single distinct couplet of coarse grained summer sediment fining upward toward a finer
grained winter layer. The complex varve features multiple coarse and fine grained layers.

Pb-210 and Cs-137 Geochronology
Slices of core were collected at 1 cm increments down-core. The core was scored at 1 cm
increments and an X-Acto knife was used to separate each slice vertically and remove them from the core
tube. The slices were placed in labeled beakers and dried for 24 hours at 100°C. Samples were then
placed into labeled Whirl-Pak sterile sample bags and sent to Professor Mark Baskaran at Wayne State
University. Mass spectrometry was used to measure the abundance of cesium in each sample. Cesium
counts correlate to known nuclear events. Cesium is not a naturally occurring element and shows up in the
sediment record at the start of nuclear testing in 1952. The maximum atmospheric cesium is at 1963,
before the Nuclear Test Ban Treaty (Mabit et al., 2008). Knowing the location of these dates in the core
helps to corroborate the time scale that is created by counting the varves. The half-life of Pb-210 of 22.3
years can be used to date sediments. Pb-210 is part of the Uranium-238 decay series and remains
relatively constant in the atmosphere. A logarithmic regression model can be used to date sediments given
that a background level can be determined (Flett Research, 2017).

Geochemical Analysis
An ITRAX X-ray Fluorescence scanner at the University of Massachussets Amherst was used to
measure the abundance of relevant elements. Because this is a non-destructive procedure, the archive
halves of the cores were used. The ITRAX Scanner measures characteristic X-rays emitted by a sample
after being exposed to a primary X-ray. It measured the abundance of 52 different elements.
Sediment cores were loaded into the ITRAX with the core facing upwards. The ITRAX first
scans to measure the topography of the core sample so that it is able to maintain a consistent working
distance from the surface. The first scan also obtained an RGB image and a radiograph. The radiograph
was obtained with a voltage of 50 kV, a current of 45 mA and an exposure time of 500 ms After this first
quick scan, the core is covered in thin plastic film to prevent drying. It then scans a second time at
increments of less than 1 mm to build a finely detailed profile of each element down-core. XRF
measurements were obtained with 10 second exposures in 0.5 mm steps. The X-Ray excitation parameters
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were selected based on the radiographic image. A molybdenum tube was used to produce X-rays with
voltage of 30 kW and a current of 55 mA.
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3. Results
Core C
Visual Stratigraphy
Prior to subsampling, the visual stratigraphy of core C was recorded (Figure 2.1). Colors ranged
from light tan (Munsell 7.5 YR 6/2) to dark grey-brown (Munsell 7.5 YR 4/1). Core C was 26.0
centimeters in length and featured fine-grained laminated couplets. The final centimeter of the core was
sediment that had been disturbed by the capping and coring process. Further detail was noted upon
examination of thin sections. From 0 to 2 centimeters, varves were characteristically diffuse. From 2.5
centimeters to 25 centimeters, varves were primarily complex, with several series’ of simple varves
interspersed throughout the core, such as at 13 centimeters. Many laminations are graded in a fining
upward sequence. A large homogenous lamination was present at 11 centimeters.

Bulk Density, %LOI, Grain Size, and Magnetic Susceptibility
Subsamples for bulk density, %H2O, and % LOI were collected at 1 cm intervals down core C.
Data is plotted for the midpoints of each subsampled interval (Figure 3.1). Dry bulk density values ranged
from 1.37 g/cm3 to 1.64 g/cm3 with an average of 1.49 g/cm3. Bulk density was highly variable
throughout the length of the core. %H2O was calculated from the difference in mass between wet and dry
bulk density. Values ranges from 22.31% to 26.48% with an average of 24.20%. %H2O correlated
negatively to dry bulk density, except from 22.5-25.5 cm. %LOI was calculated from the difference in
mass between dry bulk density and roasted bulk density. %LOI ranges between 4.46% and 6.85% with an
average of 5.84%. It has a smaller range of variability than %H2O and a much smaller weight percent.
%LOI has a weak positive correlation to %H2O.
Grain size was measured at 0.5 cm intervals. Mean grain size is plotted for the midpoints of each
subsample in Figure 3.1. Mean grain size ranged from 10.97 μm to 83.97 μm. The 83.97 μm result at
23.25 cm was not plotted in Figure 3.1 due to its deviation from the average of 18.92 μm and from the
median grain size for the same subsample, 9.90 μm. It is likely error due to plastic waste caught in the
sediment. The average without this value is 17.65 μm. Grain size is highly variable from 11.75 cm to
25.75 cm. From 0.25 cm to 11.25 cm, grain size is much less variable, particularly between 10.75 and
6.75, over which average grain size increases from 12.77 μm to 16.49 μm. The median grain size, not
shown, shifts along with the mean, though with consistently finer grained sediments recorded. Median
grain size ranged from 8.23 μm to 17.33 μm with an average of 11.16 μm.
Figure 3.1 shows magnetic susceptibility measured at 0.5 cm increments. The first and last
measurements of magnetic susceptibility are low due to overhang of the sensor and are not representative
of sediment quality. Magnetic susceptibility ranges from 5.6 SI units to 9.7 SI units with an average of 8.1
SI units. The highest values occurred between 11.5 and 17.5 cm. The lowest values occurred in the
bottom centimeter of the core and at 6 cm.

Geochronology and Varve Thickness
Core C was recorded as having 98 varves, dating back to 1916 (Figure 3.2). The mean varve
thickness in core C was 25.4 mm. Varve thickness averaged below 20 mm prior to 1960. After 1960,
there is an increase in thickness to double the pre-1960 average, 40 mm. Between 1960 and 1980,
thickness varies greatly, but remains greater than before 1960. After 1980, varve thickness steadily
increases until 2004, at which point it decreases again. Varve thickness was normalized to the mean with
a standard deviation of 13.5 mm and plotted in Figure 3.3. For Figure 3.3, the measurement for the
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lamination corresponding to 1975 was replaced with the mean due to an inconsistency in structure which
distinguished it from the surrounding varve sequence.
The results of cesium 137 geochronology performed on core C are shown in Figure 3.4. Cs-137 is
first measured between 20 cm and 21 cm. At depths greater than 21 cm, no Cs-137 is detected. A
relatively broad peak in Cs-137 occurs between 17 cm and 19 cm, with a maximum value of 5.48 dpm/g
between 18 cm and 19 cm. At shallower depths, Cs-137 decreases exponentially. The peak represents
sediment deposited in 1963 when atmospheric cesium was high and the onset at 20-21 cm represents
1952 (Ketterer et al., 2004).
An age-depth model based on varve counts is shown in Figure 3.4. Assuming annual deposition
the couplet deposited in 1963 is located at 17.1 cm within the broad Cs-137 peak. Similarly the couplet
deposited in 1952 is located between 20-21 cm. The relationship between the Cs-137 peak and the agedepth model (Figure 3.4) confirms the annual periodicity of sediment deposition. Based on the median
depths of the Cs-137 peak (18 cm) and onset (20.5 cm), average sedimentation rates during the two
bounded periods were calculated independently of varve measurements. From 1963 to present, the
average sedimentation rate was 35.3 mm per year. Between 1952 and 1963, average sedimentation was
22.7 mm per year. Using the oldest varve, deposited in 1916, at 25 cm, the average sedimentation rate
prior to 1952 was 12.5 mm per year.
The lead-210 profile for core C is shown in Figure 3.5. The profile does not show a smooth
exponential decay as would be expected from Pb-210. Since it does not extend deep enough to show an
established background level of Pb-210, dating and estimations of sedimentation rate are not possible
based on Pb-210 content.

Geochemistry
Figure 3.6 shows the relevant elemental profiles for core C produced by the ITRAX X-ray
fluorescence scanner. The 10 point running average is shown in black for each profile. Strontium
decreases from 25 cm to 12.5 cm, at which point it increases again and sharply decreases at 4 cm. It
increases from 4 cm to the top of the core. Iron also decreases from 25 cm to 10 cm. Fe increases at 10 cm
and then decreases to 5 cm. Calcium shows two distinct, broad peaks at 5 cm and 12.5 cm, with several
smaller peaks throughout the core. Titanium correlates with Fe, showing an overall decreasing trend.
Manganese correlates with Ca in most places, but also shows a very distinct peak at 5 cm. Zirconium
correlates negatively to Mn and Ca in most places.
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Figure 3.1: Geophysical analyses for core C next to a core photo and stratigraphic log.
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Figure 3.2: Raw varve thickness plotted against determined varve year.
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Figure 3.3: Varve thickness normalized to the mean.
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Figure 3.4: The Cs-137 profile for core C plotted next to the age-depth model. The blue ribbon represents the 1963 peak while the red represents
the 1952 onset of nuclear testing.
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Figure 3.5: Pb-210 profile for core C. The record is not long enough for a background level to be established nor is the profile clean enough for
accurate dating.
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Figure 3.6: Relevant elemental profiles for core C along with magnetic susceptibility and grain size. The 10 point running average is plotted in
black.
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Core D
Visual Stratigraphy
Similar to core C, the color of core D ranged from light tan (Munsell 7.5 YR 6/2) to dark greybrown (Munsell 7.5 YR 4/1)(Figure 2.1). Core D was 26.5 centimeters in length and featured laminated
couplets which were thinner than in core C. The bottom 1.5 cm of the core was sediment that had been
disturbed by the capping and coring process. The top 2 cm are primarily diffuse varves with the majority
of the core being complex varve structures interspersed with simple varves. A large graded bed is located
at 24 cm. A segment with several disturbed sediment layers is seen between 7 cm and 8 cm.

Bulk Density, %LOI, Grain Size, and Magnetic Susceptibility
Subsamples for bulk density, %H2O, and % LOI were collected at 1 cm intervals down core D
(Figure 3.7). Dry bulk density values ranged from 1.27 g/cm3 to 1.59 g/cm3 with an average of 1.47
g/cm3. The lowest dry bulk density measurement was at 4.5 cm. Bulk density was highly variable
throughout the top 11 cm of the core and was relatively stable for the bottom 14 cm. %H2O values ranges
from 22.77% to 26.83% with an average of 24.67%. %H2O correlated negatively to dry bulk density
down the entire core. %LOI was calculated from the difference in mass between dry bulk density and
roasted bulk density. %LOI ranges between 5.61% and 8.05% with an average of 6.85%. %LOI has a
positive correlation to %H2O. Bulk density and %H2O were very similar between core C and D. There
was a difference of 1.01% between %LOI of C and D, which is significant.
Mean grain size is plotted for the midpoints of each subsample in Figure 3.7. Mean grain size
ranged from 9.53 μm to 58.10 μm with an average of 14.15 μm. The 58.10 μm result at 2.25 cm
corresponds to a disturbed layer of sediment. From 15 cm to 25.5 cm, grain size is relatively consistent,
averaging 10.96 μm. The upper 15 cm of core shows more variability with grain size alternating between
approximately 11 μm to approximately 25 μm. The median grain size, not shown, follows the same trends
as mean grain size. Median grain size ranged from 7.20 μm to 10.65 μm with an average of 8.39 μm.
Grain size is finer on average and in range than for core C.
Figure 3.7 shows magnetic susceptibility for core D. The first and last measurements of magnetic
susceptibility are low due to overhang of the sensor and are not representative of sediment quality.
Magnetic susceptibility ranges from 5.9 SI units to 8.6 SI units with an average of 7.1 SI units. The
highest values occurred at 2 cm and between 7.5 cm and 9 cm. The lowest values occurred at 24 cm.
There is a slight decrease in magnetic susceptibility from 7 cm to the bottom of the core.

Geochronology and Varve Thickness
Core D had 128 varves, spanning back to 1886 (Figure 3.8). The mean varve thickness in core D
was 19.9 mm. There is a slight increase in average varve thickness from the beginning of the varve record
to approximately 1960. After 1960, there is an increase in varve thickness. After 1980, varve thickness
decreases for 10 years and increases until 2004. Varve thickness was normalized to the mean with a
standard deviation of 0.084 mm and plotted in Figure 3.9. The standard deviation is much lower for
varves in core D than in C, corresponding to lower average sedimentation rates and slightly less
variability in thickness. For Figure 3.8, the measurements for the lamination corresponding to 1930 and
1896 were replaced with the mean due to their physical properties being inconsistent with the surrounding
varves.
The results of cesium 137 geochronology performed on core D are shown in Figure 3.10. Cs-137
is first measured between 15 cm and 16 cm, marking the year 1952. No Cs-137 is detected below 16 cm.
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A peak in Cs-137 occurs between 11 cm and 13 cm, with a maximum value of 5.56 dpm/g between 15 cm
and 16 cm. Cs-137 decreases rapidly after the 1963 peak.
An age-depth model for D is shown in Figure 3.10. Assuming annual deposition the varve
deposited in 1963 is located at 12.9 cm within the broad Cs-137 peak. The couplet deposited in 1952 is
located at 15.18 cm. The relationship between the Cs-137 peak and the age-depth model (Figure 3.10)
confirms both the annual deposition of laminated couplets and a close correlation to core C. Based on the
median depths of the Cs-137 peak (12 cm) and onset (15.5 cm), average sedimentation rates were
calculated independently of varve measurements. From 1963 to present, the average sedimentation rate
was 30.4 mm per year. Between 1952 and 1963, average sedimentation was 31.8 mm per year. Using the
oldest varve, deposited in 1886, at approximately 25 cm, the average sedimentation rate prior to 1952 was
18.8 mm per year.
The lead-210 profile for core D is shown in Figure 3.11. The profile is not representative of
typical radioactive decay. Measurements had error of up to 20.3%. Since Pb-210 dates are not consistent
with what would be expected and are instead variable, the Pb-210 dates are not useful for dating core D.

Geochemistry
The relevant element geochemistry is shown in Figure 3.12. Sr decreases gradually, in steps, from
25 cm to 9 cm. Fe remains relatively constant from 25 cm to 10 cm, after which it shows increasing
variability. Low Fe peaks are shown at 0 cm, 3 cm, and 6.5 cm. Core D shows Ca peaks similar to those
in core C, at 3 cm and 7.5 cm. Ti shows similar trends to Fe, with little variability below 10 cm and
similar points of low concentration.
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Figure 3.7: Geophysical analyses for core D with a core photo and stratigraphic log.

34

Figure 3.8: Raw varve thickness for core D. The 5 point running average is shown in blue.
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Figure 3.9: Varve thickness normalized to the mean thickness.
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Figure 3.10: The Cs-137 peak for core D compared to an age-depth model of core D. The Cs-137 peak confirms the varve chronology for core D.
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Figure 3.11: Pb-210 profile for core D. Due to variability, it is difficult to tell whether a background level has been reached in the bottom half of
the core.
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Figure 3.12: Relevant elemental profiles for core D with 10 point running averages plotted in black.
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4. Discussion
Age Model
A varve-based age model provides a high resolution chronology to which other proxy data can be
compared. It is important to confirm the annual periodicity of varves using a secondary dating method,
such as Cs-137. The Cs-137 profiles obtained from both C and D (Figures 3.4 and 3.10) confirmed that
Linnévatnet is a varved lake. The Pb-210 profiles did not provide an additional dating method due to the
uncertainty and variability of the values. Additionally, varves within cores C and D can be correlated to
each other. Figure 4.1 shows composite photomicrograph images for cores C (left) and D (right).
Core C was also correlated to cores collected in previous years to verify the varve sequence. 2004
was a year of high sedimentation. The sediment traps were overtopped (Retelle, personal
communication). The varve determined to be 2004 in core C was easily comparable to the same year in
other cores (Leon, 2007). Figure 4.2 shows the correlation between the first photomicrograph for core C
in this study and a photomicrograph from a core collected in 2006.

Sediment Provenance
Linnéelva is the main source of sediment for Linnévatnet (Svendsen and Mangerud, 1997) and
additional sources include the meltwater from the cirque glacier and runoff over an alluvial fan to the east
of Linnéelva. An artificial core was created by Merkert (2015) using samples collected from locations
around the perimeter of Linnévatnet (Figure 4.3). The sampling locations were chosen to represent the
major sources of sediment for Linnévatnet. Most samples were clustered around the East Basin, from
which cores C and D were collected. The samples were packed into a core tube with material separating
each one, and analyzed with the ITRAX XRF Core Scanner, providing major element profiles which can
be used to determine unique geochemical signatures for the major sediment sources.
Artificial core samples 727-07, 727-06, and 727-05 were collected on the eastern side of the
valley, which consists of carbonate rocks, dolomite and limestones. They are distinct in their calcium
component which decreases in proximity to Linnéelva. 727-07 has the highest concentration of Ca, with
very few other major elements. Sample 727-04 was collected near the mouth of Linnéelva. It has very
little Ca and significant amounts of Mn, Fe, Rb, Ti, but very little Zr. 727-03 was collected near the
drainage of the cirque glacier by the West Basin. It has a high amount of Zr that is not seen in any other
samples. Counts were relatively consistent throughout each individual sample, so values were averaged
and representative ratios of were developed for several sites (Table 1).
Sample

Ca/Mn

Ca/Fe

Zr/Ca

727-07

167.1

2.1

0.03

727-06

28.9

0.3

0.07

727-05

53.1

0.3

0.06

727-04

2.9

0.02

0.9

727-03

5.5

0.05

1.0

727-01

8.1

0.08

0.2

Table 4.1: Mean ratios corresponding to each sediment sample from the artificial core by Merkert (2015).
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The Ca/Mn ratio for sample 727-07 was 167. There were no instances of a ratio this high in cores
C or D (Figures 4.4 and 4.5), nor were there any consistently as high as any of the three samples from the
eastern side of the basin. Any sediment in Linnévatnet is going to be mixed and will not contain a pure
sample like the ones represented by the artificial core. Higher ratios of Ca/Mn are representative of an
increase in sedimentation from the eastern side of the valley, since other sediments in the artificial core
had significantly lower ratios. High Ca/Fe ratios also represent runoff from the carbonates. High Zr/Ca
rates represent sediment from either the cirque glacier or Linnéelva, though high Zr alone is mainly from
the cirque glacier.
Both C and D show decreasing trends in Zr/Ca until about 1963 (6 cm and 12 cm downcore
respectively), at which point it increases abruptly. This shows a decrease over time in sediment
contribution from the cirque glacier, until about 1980. Snyder et al. (1999) noted that it is difficult to tell
whether decreases in sedimentation from the cirque glacier are due to lack of activity or increased activity
from Linnéelva overshadowing markers of sedimentation.
There are notable spikes in calcium seen in cores C and D from 2016 and from several other cores
collected from distal locations in Linnévatnet (Figure 4.6). These spikes indicate events that increased the
influx of sediment from the dolomite facies. These occurred prior to the introduction of extensive
monitoring to Linnédalen, so it is difficult to know what events caused this, though Potter (2017) shows
sediment trap data that connects high calcium to the nival pulse. These may be time periods with strong,
dominant, nival pulses. Calcium is sourced from the dolomites, so this could be indicative of an increase
in snowfall in that area and a greater melt in the spring. Since the ITRAX measures relative abundance of
elements in samples, it may also represent time periods in which Linnéelva had a weaker sediment input
allowing the dolomite-sourced sediment to become relatively more dominant, but not more abundant than
average. Svendsen and Mangerud (1997) found that calcium carbonate content of the lake increased
during long-term periods of little glacial activity, which would indicate that calcium content was being
amplified by the lack of additional sediment input from Linnéelva. It was also found that coal content
increased during periods of high glacial activity due to the additional input from Linnéelva, though %LOI
values for C and D are too variable and had too large a sample size to indicate this.
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Figure 4.1: Composite photomicrographs for cores C and D. Correlations are labeled on a decadal scale.
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.

Figure 4.2: Photomicrographs from cores taken at location C in 2016 and 2006. The 2004 varve was used
as a marker during the varve counting process
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Figure 4.3: Locations of sediment samples collected by Merkert (2015).
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Figure 4.4: Relevant ratio profiles for core C. Mn/Fe is representative of bottom water oxygenation.
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Figure 4.5: Relevant elemental ratios for core D. Similar peaks are noted in Ca and Mn/Fe to core C with a slight offset.
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Figure 4.6: Calcium XRF profiles for cores C, D, and more distal cores from Linnévatnet.
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Climate Signal
Annual sedimentation rate is best recorded in varve thickness, as they are the highest resolution,
compared to those calculated from the Cs-137 peaks. There is no great change in bulk density down-core,
meaning that varve thickness is not affected by compaction and is only related to sediment influx. Low
%LOI also indicates that clastic deposition is dominant. There is not a lot of organic matter going into the
lake and a large percentage of what makes it in is likely coal from the Billefjorden group. Frequent subannual layering suggest that varve formation is a function of both temperature and precipitation.
Temperature alone would provide the environment necessary for deposition of simple varve structures,
given the low variability present during the winters in Svalbard. The recent lean toward warmer spells
during winter (Retelle, personal communication) would increase the number of sub-annual layers present.
Sediment trap data also suggests late-season deposition as a result of rain events (Potter, 2017; McCabe,
2016).
With an age model, the properties of varves can be compared to measured environmental
changes. Normalized varve thickness was compared to the mean annual air temperature and annual
precipitation from the Svalbard Airport and Isfjord Radio at Kapp Linné. The general trend of all of the
data is increasing to present (Forland et al., 1997). Temperature and precipitation are higher at Kapp
Linné than at Longyearbyen Airport due to proximity to the coast. There is a slight offset between cores C
and D in some time spans, likely due to error in measurements. There are strong correlations between
MAAT and precipitation and varve thickness, especially in the period between 1960 and 1980. During
this period, MAAT is low while precipitation is high. Varve thickness is also high during this period
which suggests that precipitation is driving sedimentation. This period corresponds to the lower of the
two distinct Ca peaks.
There is a decrease in varve thickness during the most recent decade that does not match the
increase in air temperature. The varves in those sections were poorly defined and diffuse. There may be
additional turbulence in the lake from the increased influx of water. Additionally, sudden warm periods
during the winter may be disrupting the layers. There is also a possibility that there is sediment
exhaustion after the high sedimentation in 2002-2004.
The transition out of the Little Ice Age is not as obvious as was expected. There is a gradual
transition through 1960 to consistently thicker varves that does not match the comparatively sharp
increase in temperature. The North American heat wave in 1936 also does not show up in the sediment
cores, but it is also not evident in the temperature records.
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Figure 4.7: Varve thickness in comparison to mean annual air temperature and annual precipitation in
Svalbard.
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5. Conclusions
Two sediment cores collected from Linnévatnet were analyzed for paleoenvironmental
significance within the valley. The geochemical and geophysical properties of the varved sediment record
were documented. A Cs-137-verified varve chronology was produced extending back to 1916 for core C
and 1886 for core D. The warming and increase in precipitation that has taken place in the Arctic since
the end of the Little Ice Age is evident in the variability of varve thickness and increase in sedimentation
rate in both cores from Linnévatnet.
Calcium was determined to be a marker for sediment influx from the eastern side of the valley
and Ca peaks were assumed to be either a slope failure or event adding sediment into the lake from that
location or a decrease in sediment from other sources allowing the Ca to better show itself. From the Zr
data, it was determined that the cirque glacier has shown a decrease in activity during the past century.
The main source of sediment during the past century has been Linnéelva.
The paleoclimate described in the last century in this study is consistent with recorded data and
climate patterns. In the future, longer sediment cores could better show the transition out of the Little Ice
Age. It would also help to establish a baseline for Pb-210 in the sediments of Linnédalen. Further studies
comparing the sub-annual layers in Linnédalen to varve structures in lakes further inland, in dryer areas,
could help to understand the influence of precipitation on varve structure in comparison to melt events.
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